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© The invention relates to a developing solution of 
polydimethyl glutarimide containing acetone, ethyl 
alcohol, or propyl alcohol and, water, and alkali, and 
a pattern forming method using the same. According 
to the invention, a finer pattern than before may be 
formed by using PMGI resist film. At the same time, 
a liftoff process excellent in dimensional control- 
lability and high in reliability than in the prior art will 
be realized. Besides, in the wet etching process of 
using the two-layer resist pattern of the invention as 
the mask on the GaAs substrate, since the adhesion 
of the lower layer resist to the substrate is superior, 
the recess width when etching the substrate can be 
stably controlled, so that a device of high perfor- 
mance may be obtained. Furthermore, in the pro- 
cess of using the PMGI resist film in the lower layer 
and the PMMA resist film in the upper layer, since 
the PMMA resist film and PMGI resist film possess 
mutually appropriate electron beam sensitivity and 
deep ultraviolet light sensitivity, mixed exposure by 
electron beam and deep ultraviolet light may be 
applied, so that a stable hybrid exposure may be 
effected at a high through-put 
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DEVELOPING SOLUTION AND PATTERN FORMING METHOD USING THE SAME 


BACKGROUND OF THE INVENTION 

The present invention relates to a developing 
solution and a pattern forming method using the 
same, for forming patterns on a semiconductor 
substrate surface or the like. 

The development of high speed discrete de- 
vice using compound semiconductor is being pro- 
moted recently. In order to enhance the character- 
istics of such device and realize faster operation, it 
is necessary to narrow the width of the opening for 
forming the gate electrode. When the opening 
width becomes narrower, however, the gate elec- 
trode resistance increases, which is known to hin- 
der the speed from increasing to the contrary. 

To solve this problem it has been convention- 
ally known to use a T-shaped gate electrode as the 
gate electrode. The T-shaped gate electrode is so 
structured as to be narrower at the contact portion 
and wider in the upper portion of the electrode. 

Fig. 10 (a) to (f) show process sectional view 
for forming a conventional GaAs FET T-shaped 
gate electrode by employing the electron beam 
exposure and liftoff technology. 

In Fig. 10 (a), numeral 1 shows a GaAs sub- 
strate consisting of epitaxial layer of GaAs, or GaAs 
and AIGaAs functioning active layer on semi-in- 
sulating GaAs. A source and a drain electrodes 2 
made of AuGe/Ni are formed on a GaAs substrate 

1, and an Si02 spacer 3 is formed on the GaAs 
substrate 1. Next, on the source, drain electrodes 

2, SI02 spacer 3 and GaAs substrate 1. a PMMA 
<polymethyl methacrylate) resist layer 4 with a 
mean molecular weight of 600,000 is applied, and 
is heated. In succession, on the PMMA resist film 
4, a PMMA resist film 5 with a mean molecular 
weight of 200,000 is applied and is heated. Next, a 
specified portion is exposed by using a 50 kV 
electron beam 6. 

Then, using MIBK (methyl isobutyl ketone), the 
PMMA resist films 4. 5 are developed, and a 
PMMA resist pattern 7 is formed (Fig. 10 (b)). 

In Fig. 10 (c), using the PMMA resist pattern 7 
as the mask, the Si0 2 spacer 3 is etched in wet 
process so as to form an Si0 2 spacer pattern 3a. 

In Fig. 10 (d), using the Si0 2 spacer pattern 3a 
as the mask, the GaAs substrate 1 is etched in wet 
process by using a mixed aqueous solution of 
tartaric acid and hydrogen peroxide as etchant, and 
a recess structure 8 is formed. 

Consequently, an Al film 9 is evaporated on the 
surface of PMMA resist films 4, 5 and GaAs sub- 
strate 1, and an Al gate electrode, that is, a T- 
shaped gate electrode 10 is formed (Fig. 10 (e)). 

Further, dissolving and removing the PMMA 


resist films 4, 5 with organic solvent or the like, the 
unnecessary Al film 9 is lifted off, and the structure 
in Fig. 10 (f) is obtained. 

In order to obtain the T-shaped gate electrode 

5 10, in Rg. 10, an example of using PMMA resist 
films 4, 5 is shown, but since the PMMA resist 
films 4, 5 are inferior in heat resistance and adhe- 
sion to the substrate, a process of using PMGI 
resist or the like has been developed in order to 

jo improve these points. In process using the PMGI 
resist, an alkaline aqueous solution, or a mixed 
aqueous solution of alkali and salt is used as the 
developing solution. In this case, as the alkali, 
tetramethyl ammonium hydroxide is widely used. 

15 The salt acts as surfactant, and usually tetra alkgl 
ammonium salt is used. 

In the prior art, however, when the PMGI resist 
is developed by an alkaline aqueous solution or a 
mixed aqueous solution of alkali and salt, the 

20 change of rate of dissolution to the change of 
exposure dose is slow, or the normalized remaining 
film thickness in the unexposed portion and the 
gamma value are small. Accordingly, it is difficult 
to form a pattern with a steep side wall. Even when 

25 a single layer of PMGI resist is used, it is difficult 
to form the pattern in a size of 0.4 urn or less. It is 
hence impossible to use it for forming T-shaped 
gate electrode in a fine pattern. Or when the con- 
centration of the tetramethyl ammonium hydroxide 

30 is diluted before use. the remaining film thickness 
change to the change of exposure dose becomes 
larger, that is, the gamma value becomes higher, 
but the sensitivity is lowered. Besides, as a result 
of dilution of tetramethyl ammonium hydroxide, the 

35 hydrophilic property is enhanced, and the wet- 
tability to the hydrophobic resist becomes poor. 
Accordingly, when developing the PMGI resist 
used as the lower layer of the two-layer resist, if 
the opening width of the upper layer resist pattern 

40 is narrow, the developing solution of the PMGI 
resist does not flow smoothly into the opening, and 
the PMGI resist can not be developed evenly. To 
avoid this, it is considered to enhance the wet- 
tability by mixing the developing solution with sur- 

45 factants, but in this case, the gamma value be- 
comes smaller, and the resolution is lowered. 

In the process shown in Fig. 10, since the 
PMMA resist film 5 with the mean molecular weight 
of 200,000 in the upper layer and the PMMA resist 

50 layer 4 with the mean molecular weight of 600,000 
in the lower layer are developed simultaneously, it 
is difficult to control and optimize the opening width 
of the upper resist and that of the lower resist at 
the same time. Still more, since the adhesion of the 
PMMA resist film 4 to the GaAs substrate 1 is 
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poor, it is necessary to place the Si02 spacer 3. If 
the adhesion is poor, the Si02 spacer 3 at the 
edge portion 7a (Fig. 10 (b)) of the PMMA resist 
pattern 7 and the bottom of the PMMA resist film 4 
are lifted, and therefore in the wet etching process 
of the pattern of the Si0 2 spacer 3, the etchant 
may reach as far as the bottom of the edge portion 
7a of the PMMA resist pattern 7, and therefore the 
Si02 spacer pattern 3a may be wider than desired. 
Since the Si02 spacer 3 is isotropically etched in 
the wet etching process, the controllability of the 
opening width is poor, and the opening width tends 
to be wider than the opening width of the PMMA 
resist mask. Accordingly, the opening width of the 
recess structure 8 becomes broader. Besides, the 
distance between the bottom of the lower PMMA 
resist film 4 and the bottom of the recess structure 
8 is extended by the portion of the thickness of the 
Si02 spacer 3, and the evaporated T-shaped gate 
electrode 10 is easily separated at the position 
indicated by part A in Fig. 10 (f). That is, the width 
of * the evaporated T-shaped gate electrode 10 is 
defined by the opening width of the lower PMMA 
resist film 4, and is deposited, but the Al is also 
evaporated on the side wall at the opening of the 
lower PMMA resist film 4, and the opening width of 
the lower PMMA resist film 4 becomes narrower as 
the evaporation time passes, and the evaporated 
deposit becomes triangular. Finally, the opening is 
plugged by the evaporation deposit collected at 
both side walls of the opening of the lower PMMA 
resist film 4, and if evaporation is further continued, 
Al is not evaporated at all in the gate area. That is, 
as compared with the opening width of the lower 
PMMA resist film 4, the distance from the substrate 
surface for depositing the evaporation deposit to 
the opening of the lower PMMA resist film 4 is 
longer, and in this state, when the T-shaped gate 
electrode 10 is deposited, it is formed like a mush- 
room from the part nearer to the upper end of the 
triangle, and the umbrella-shaped portion and the 
root of the stem of the mushroom are likely to be 
broken or peeled off when lifting off. It is therefore 
difficult to form the T-shaped gate electrode with a 
narrow gate length. If the S\0 2 spacer 3 is not 
installed, in the wet etching process of the GaAs 
substrate, the etchant may invade into the interface 
of the resist film and GaAs substrate, which may 
further extend the width of the recess structure. 

SUMMARY OF THE INVENTION 

It is hence a primary object of the invention to 
present a developing solution of PMGI resist film 
higher in resolution than in the prior art in order to 
solve the above problems. 

It is a second object of the invention to present 


a stable pattern forming method of high perfor- 
mance and high reliability using such developing 
solution. 

According to the invention, a polydimethyl 

5 glutarimide film is formed on a substrate, and is 
heated, and the polydimethyl glutarimide exposed 
in a specific area with electron beam, deep ul- 
traviolet light, ion beam or X-ray is developed in a 
solution containing acetone, ethyl alcohol, or 

to isopropyl alcohol, water and alkali. 

The invention comprises a step of applying and 
baking polydimetyl glutarimide film on a substrate, 
a step of applying and baking a polymer film 
having a sensitivity to charged particle beam such 

is as electron beam, ion beam, or short wavelength 
electro magnetic wave such as deep ultraviolet 
light, X-ray on the polydimethyl glutarimide film, a 
step of simultaneously exposing the polymer film 
and the polydimethyl glutarimide film by the 

20 charged particle beam or the short wavelength 
electro magnetic wave in a specified area of two- 
layer film composed of the polydimethyl 
glutarimide film and the polymer film, a step of 
developing the specified area of the polymer film 

25 by using an organic solvent, and a step of develop- 
ing the specified area of the polydimethyl 
glutarimide film by using a solution containing an 
alkali. 

Furthermore, the invention comprises a step of 

30 applying and baking a polydimethyl glutarimide 
film on a substrate, a step of applying and baking a 
polymer film having a sensitivity to charged particle 
beam such as electron beam, ion beam, or short 
wavelength electro magnetic wave such as deep 

35 ultraviolet light, X-ray on the polydimethyl 
glutarimide film, a step of exposing simultaneously 
the polymer film and the polydimethyl glutarimide 
film by the charged particle beam or the short 
wavelength electro magnetic wave in the specified 

40 area of two-layer film composed of the poly- 
dimethyl glutarimide film and the polymer film, a 
step of developing the specified area of the poly- 
mer film by using an organic solvent, a step of 
developing the specified area of the polydimethyl 

45 glutarimide film by using a solution containing an 
alkali, a step of etching the substrate, a step of 
depositing a metal film on the entire surface of the 
substrate, and a step of removing the polymer film 
and the polydimethyl glutarimide film, wherein the 

so remaining film portion of the polymer film after 
development is in an overhang shape, and the 
opening width of the polydimethyl glutarimide film 
is narrower than the opening width of the upper 
part of the polymer film after development. 

55 The invention moreover comprises a step of 

applying and baking a polydimethyl glutarimide 
film on a substrate, a step of applying and baking a 
polymer film having a sensitivity to charged partide 
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beam such as electron beam, ion beam, or short 
wavelength electro magnetic wave such as deep 
ultraviolet light, X-ray on the polydimethyl 
glutarimide film, a step of simultaneously exposing 
the polymer film and the polydimethyl glutarimide 
film by the charged particle beam or the short 
wavelength electro magnetic wave in a specified 
area of the polydimethyl glutarimide film and the 
polymer film, a step of developing the specified 
area of polymer film by using an organic solvent a 
step of developing the specified area of the poly- 
dimethyl glutarimide film by using a solution con- 
taining an alkali, a step of etching the substrate, a 
step of depositing a metal film on the entire surface 
of the substrate, and a step of removing the poly- 
mer film and the polydimethyl glutarimide film, 
wherein a remaining film portion of the polymer 
film after development is trapezoidal, and the pat- 
tern width of the remaining film portion of the 
polydimethyl glutarimide film after development is 
narrower than the pattern width of the bottom of the 
trapezoidal shape of the polymer film after devel- 
opment. 

According to the invention, the sensitivity of the 
PMGI resist to an alkaline aqueous solution and the 
gamma value depend on the alkali concentration, 
and the sensitivity is higher and the gamma values 
is lower as the concentration is higher. Besides, the 
sensitivity or gamma value of the PMGI resist to a 
mixed solution of acetone, ethanol, or isopropyl 
alcohol and, water and alkali depend on the type of 
organic solvent and the mixing rate of components. 
However, when comparing an alkaline aqueous so- 
lution with a mixed solution of acetone, ethanol, or 
isopropyl alcohol, water and alkali, by which a 
PMGI resist film developed at the same sensitivity 
at the same development time as in the develop- 
ment by the alkaline aqueous solution, the normal- 
ized remaining film thickness of the unexposed part 
and the gamma value are larger in the mixed 
solution. Accordingly, by using the PMGI resist, a 
finer pattern than before may be formed. 

Still more, by forming a two-layer film structure 
employing the PMGI resist in the lower layer and 
the polymer film possessing sensitivity to electron 
beam in the upper layer, on the substrate, after 
exposing them, the upper layer is developed by an 
organic solvent and the lower layer is developed by 
a mixed solution containing an alkali. In this pro- 
cess, since the development of upper resist and 
lower resist may be controlled independently, a 
pattern having a specific sectional shape may be 
easily formed. 

Furthermore, prior to liftoff, if there is a step of 
etching the substrate in wet process, since the 
adhesion of the PMGI resist to the substrate is 
excellent, the etching width in the lateral direction 
is prevented from becoming excessive. 


Besides, when a mixed solution of acetone, 
ethanol, or isopropyl alcohol, and water and alkali 
is used in the development of lower PMGI resist, 
the wettability to the upper resist is better than in 
5 the alkaline aqueous solution, and the mixed solu- 
tion easily gets into the opening of the upper resist 
pattern, so that the development of the lower PMGI 
resist is stabilized. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 (a) to (f) are process sectional views 
of a first embodiment of the invention for forming a 
75 T-shaped aluminum gate electrode; 

Fig. 2 is a design example drawing for de- 
picting a gate pad pattern; 

Fig. 3 is a 25 kV electron beam sensitivity 
curve diagram of PMGI film when developed in 
20 MIBK; 

Fig. 4 is a 25 kV electron beam sensitivity 
curve diagram of PMMA film when developed in a 
mixture of ethanol, water and NMD-3 at the volume 
rate 4:5:1; 

25 Fig. 5 (a) to (f) are process sectional views 

of a second embodiment of the invention for for- 
ming an Al gate electrode by using a hybrid expo- 
sure method of electron beam and far ultraviolet 
ray; 

30 Fig. 6 shows 25 kV electron beam sensitivity 

curve diagrams of PMMA film developed in MIBK 
for 180 seconds, and PMGI film developed in 
SAL101 for 180 seconds; 

Fig. 7 is a sensitivity diagram of PMGI resist 

35 film and PMMA resist film to far ultraviolet ray of 
wavelength of 250 nm; 

Fig. 8 (a) shows 25 kV electron beam sen- 
sitivity curve diagrams of PMGI film when devel- 
oped for 180 seconds in a mixture of ethanol. water 

40 and NMD-3 at the ratio by volume of 4:5:1, in an 
alkaline aqueous solution of diluted NMD-3 in water 
at 6:4, and in SAL101 (100%); 

Fig. 8 (b) shows 25 kV electron beam sen- 
sitivity curve diagrams of PMGI film when devel- 

45 oped for 180 seconds in a mixture of iso-propyi 
alcohol, water and NMD-3 at the ratio by volume of 
4:5:1, and in an alkaline aqueous solution of diluted 
NMD-3 in water at 8:2; 

Fig. 8 (c) shows 25 kV electron beam sen- 

so sitivity curve diagram of PMGI film when developed 
for 30 seconds in a mixture of acetone, water and 
NMD-3 at the ratio by volume of 4:5:1, and in 
NMD-3 (100%); 

Fig. 9 shows the relation between the nor- 

55 malized remaining film thickness and the spatial 
frequency at the center of the line, when forming a 
line-and-space pattern at the 1 :1 ratio of line width 
and space width on a PMGI resist film, by using, 
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as developing solutions, a mixed solution of 
ethanol, water and NMD-3 at 4:5:1, an alkaline 
aqueous solution of diluted NMD-3 in water at 6:4, 
and SAL101 (100%); and 

Fig. 10 (a) to (f) are process sectional views 
for forming a T-shaped gate electrode of GaAs FET 
using the conventional electron beam exposure and 
liftoff technology. 

DETAILED DESCRIPTION OF THE INVENTION 

Rg. 1 (a) to (f) show the process sectional 
views in a first embodiment of the invention for- 
ming a T-shaped aluminum (hereinafter Al) gate 
electrode to describe the invention in detail. 

A source and a drain electrodes 12 made of 
AuGe/Ni are formed on a GaAs substrate 1 1 for- 
ming an epitaxial layer made of GaAs or GaAs and 
ALGaAs functioning as an active layer on a semi- 
insulating GaAs substrate. A PMGI (polydimethyl 
glutarimide) resist film 13 is applied, in a film 
thickness of 0.10 to 0.20 um, on the GaAs sub- 
strate 11 on which the source and drain electrodes 
12 are formed, and are prebaked. As the PMGI 
resist film 13, the SAL-110 PL1 of Shipley was 
used by diluting in cyclopentanone. By this dilut- 
ing, a thin PMGI resist film 13 could be formed. 
The prebaking time was 30 minutes at 270 # C in a 
nitrogen atmosphere by using a constant tempera- 
ture drying oven. 

Afterwards, cooling the GaAs substrate to 
23 *C, a PMMA (polymethyl methacrylate) resist 
film 14 was applied, in a film thickness of 0.9 um 
on the PMGI resist film 13, and was prebaked. As 
the PMMA resist 14, OEBR-1000 of Tokyo Oka 
Kogyo was used. The prebaking time was 20 min- 
utes at 170* C in a nitrogen atmosphere by using a 
constant temperature drying oven. 

Here, to composed in a two-layer resist struc- 
ture, the prebaking temperature of the upper resist 
must be lower than that of the lower resist. If the 
prebaking temperature of the upper resist is higher, 
when the upper resist is prebaked, the lower resist 
is hardened, and it is no longer developed, or the 
exposure sensitivity is changed. 

After forming the two-layer resist film, the gate 
pattern of 0.1 um width is exposed by a 50 kV 
electron beam 15. The electron beam diameter is 
about 0.1 um, and the exposure dose is 600 to 900 
uC/cm 2 . Here, at the pattern width of 0.5 um or 
less, such as in the gate pattern, the higher the 
acceleration voltage, the smaller becomes the an- 
gle of scattering in the resist, that is, the forward 
scattering in the resist is smaller, so that a finer 
pattern may be formed. 

Where it is not necessary to form a fine pat- 
tern, as in the case of gate pad pattern of a wide 
area (for example, 50 um square), the throughput 


is raised by drawing at a tow acceleration voltage 
to raise the exposure sensitivity. Besides, when the 
acceleration voltage is lower, the forward scattering 
is wider and the spread of the back scattering 
5 electrons is small, so that an overhang shape may 
be formed easily. However, if the acceleration volt- 
age is extremely low, the electrons remain within 
the resist, and an unexposed area is left over in the 
resist. 

io Considering these points, the exposure was 
conducted by using an electron beam 16 of accel- 
eration voltage of 25 kV and beam diameter of 
about 1.0 um, at the area exposure dose of 50 to 
60 uC/cm 2 . Besides, in order to shape the PMMA 

75 resist pattern edge of the gate pad pattern part into 
an overhang form (broader in the opening width of 
the resist bottom than the opening width of the 
resist upper surface) so as to be more suited to 
liftoff, the periphery of the gate pad pattern was 

20 margined and exposed at a line exposure dose of 5 
to 15 nC/cm with an electron beam 17 with an 
acceleration voltage of 25 kV and beam diameter 
of about 1.0 um. The electron beam 17 exposed 
the area of 0.5 to 1.5 um outside of the electron 

25 beam 16. 

About this exposure method, a design example 
of drawing a gate pad pattern is shown in Fig. 2 »n 
Rg. 2, numerals 30, 31 denote the area exposure 
patterns, in which the area exposure dose are 

30 respectively 60 and 50 uC/cm 2 . Numeral 32 is a 
margin exposure pattern, in which the line expo- 
sure dose is 10 nC/cm. The interval indicated by 
the asterisk (*) is 1.0 um. 

Summing it up, the GaAs substrate 11. the 

36 upper layers of PMMA resist patterns 14a, 14b are 
shaped in an overhang form, and the fine pattern 
13a of the PMGI in the gate area is formed at high 
precision by employing the method of 

(a) exposing the large pattern width area at 
40 low acceleration voltage, in small exposure dose 

while margining in a large exposure dose, and 

(b) exposing the small pattern width area at 
high acceleration voltage, in large exposure dose 
(Fig. 1 (a)). 

45 In consequence, the upper PMMA resist film 

14 is developed by using MIBK (methyl isobutyl 
ketone), and PMMA resist patterns 14a, 14b are 
formed as shown in Fig. 1 (b). The development 
was dip development for 10 to 15 minutes. The 

so solution temperature was 23* C. At this time, the 
sensitivity of the PMMA resist 14 is 20 to 24 
uC/cm 2 . The PMMA resist patterns 14a, 14b are 
formed in overhang. At this time, the opening width 
Li of the PMMA resist 14a in the gate pattern area 

55 is 0.45 to 0.55 um. When developing the PMMA 
resist film 14, however, the PMGI resist film 13 is 
not dissolved in the developer MIBK of the PMMA 
resist 14. 
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In Rg. 1 (c). the lower PMGI resist film 13 is 
developed in a mixed solution of ethanol, water and 
NMD-3 at 4:5:1, and PMGI resist patterns 13a, 13b 
are obtained. The developing time is 30 to 75 
seconds, and the opening width L 2 of the gate 
pattern part 13a is 0.15 to 0.25 urn. When develop- 
ing the PMGI resist the PMMA resist film 14 is not 
dissolved in this mixed soluti9n. Therefore, the 
shape of the PMMA resist patterns 14a, 14b is not 
changed at the time of development of the PMGI 
resist 13. 

Thus, the shape of the upper PMMA resist 
patterns 14a, 14b and the lower PMGI resist pat- 
terns 13a, 13b can be controlled independently. 

In Rg. 1 (d), in an aqueous solution containing 
tartaric acid and hydrogen peroxide, the GaAs sub- 
strate is etched in wet process, and recess struc- 
tures 18a, 18b are formed. 

In Rg. 1 (e), on the GaAs substrate 1 1 having 
the structure as shown in Rg. 1 (d), an Al film 19 is 
evaporated in a thickness of 0.5 to 0.6 urn, and Al 
gate electrodes 20a, 20b are obtained. The open- 
ing width of the PMMA resist pattern 14a is wider 
than the opening width of the PMGI resist pattern 
13a, and the Al gate electrode 20a becomes a T 
shape. The gate pad part 20b is the same. 

Furthermore, using acetone and resist parting 
agent J- 100 of Nagase, the PMMA resist film 14 
and PMGI resist film 13 are dissolved, and the 
undesired portion of the Al film 19 is removed by 
liftoff, and the liftoff process is completed (Rg. 1 

When developing the PMMA resist 14, the re- 
sult of confirming that the PMGI resist 13 is not 
dissolved in the PMMA resist developer is shown 
in Rg. 3. 

Rg. 3 is a 25 kV electron beam sensitivity 
curve developed in the MIBK of the PMGI resist. 
The resist sensitivity was determined by measuring 
the remaining film thickness after development by 
exposing a rectangular pattern of 50 urn x 100 urn 
by varying the exposure dose. 

The initial film thickness of the PMGI resist was 
0.85 urn, the developing time was 180 seconds, 
and the solution temperature was 23* C. It is known 
from this result that the PMGI resist is not dis- 
solved at all in the MIBK at an exposure dose of 
500 uC/cm 2 or less. 

When the pattern of 0.1 urn in width is ex- 
posed at an acceleration voltage of 50 kV at a dose 
of 600 to 900 uC/cm 2 , the energy absorption den- 
sity in the middle part of the pattern as converted 
into the exposure dose of the sensitivity measure- 
ment pattern at the acceleration voltage of 25 kV is 
about 45 to 70 uC/cm 2 . That is, since the absorp- 
tion energy of the lower PMGI resist film 13 is 
sufficiently small, it is understood that the PMGI 
resist film 13 is not dissolved at all in the MIBK. It 


is the same for the PMGI resist film 13 in the gate 
pad pattern part 

Similarly, the result of confirming that the 
PMMA resist 14 is not developed in a developing 
5 solution for developing the PMGI resist 13 is shown 
in Rg. 4. 

Rg. 4 shows the electron beam sensitivity 
curve at the acceleration voltage of 25 kV when 
developing the PMMA resist film 14 in a mixed 

ro solution of ethanol, water and' NMD-3 at the volume 
ratio of 4:5:1. The initial film thickness of PMMA 
resist film is 0.85 urn, the developing time is 180 
seconds, and the solution temperature is 23* C. 
The solid line denotes the normalized remaining 

is film thickness after development Since the PMMA 
resist film is reduced in thickness by the ablation of 
the removal of the resist surface exposed to elec- 
tron beam at the time of exposure with electron 
beam, the normalized remaining film thickness 

20 after exposure is shown as indicated by broken 
line. 

It is understood from Rg. 4 that the PMMA 
resist film is not dissolved in the mixed solution 
described above at the exposure quantity of 150 

25 uC/cm 2 or less. 

The PMMA resist film 14 is removed in the 
portion of the absorption energy of 20 to 24 
w,C/cm 2 , as converted into the exposure dose of 
the sensitivity measurement pattern, by the devel- 

30 opment in MIBK. 

Accordingly, the shape of the PMMA resist 
patterns 14a, 14b is not changed when developing 
the PMGI resist 13. 

Therefore, the shape of the upper PMMA resist 

35 patterns 14a. 14b and the lower PMGI resist pat- 
terns 13a, 13b can be controlled independently. 

In this embodiment, since the PMGI resist is 
high in adhesion to the GaAs substrate 11, it is not 
necessary to install SiCk spacer on the GaAs sub- 

40 strate. Accordingly, when etching the substrate, the 
etching width is not broadened in the lateral direc- 
tion, and the liftoff is carried out only by the height 
of the resist, the mushroom shape of the Al gate 
electrode is formed stably and in a highly reliable 

45 pattern. 

Meanwhile in the embodiment shown in Rg. 1 , 
it may be possible to expose the gate electrode 
pad pattern by using deep ultraviolet light instead 
of the electron beam 16 and margin with electron 

so beam 17. In this case, the area of the electron 
beam exposure is reduced, and the through-put is 
enhanced. 

Besides, after exposure of the gate pattern by 
electron beam 1 5, a pattern larger than the pattern 
55 width of the gate pattern 13a of the PMGI resist 
film 13 may be exposed over the gate pattern 13a 
in an exposure dose capable of developing only 
the PMMA resist film 14. In this case, the width of 
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the upper part of the Al gate electrode 20a after 
liftoff becomes large, and the gate resistance may 
be decreased, so that it is advantageous for en- 
hancing the device characteristics, in particular, the 
low noise performance. 

In particular, when exposed by using an elec- 
tron beam at an acceleration voltage of 30 kV or 
less, it brings about a benefit of widening the 
opening width of the PMIflA resist pattern 14a 
easily while keeping the overhang shape of the 
section of the PMMA resist pattern 14a. 

In a two-layer structure of the PMMA resist film 
14, the PMMA resist film with a larger mean molec- 
ular weight may be used as the upper layer, and 
one with a smaller mean molecular weight as the 
lower layer. In this case, in a large area pattern of 
electrode pad or the like, without margin exposure, 
the sectional shape of the PMMA resist pattern 14b 
may be formed in an overhang. 

Or, in a two-layer structure of the PMMA resist 
film 14, the PMMA resist film with a smaller mean 
molecular weight may be used as the upper layer 
and one with a larger mean molecular weight as 
the lower layer. At this time, the opening widths of 
the layers after development may be controlled in 
the relation of 

upper PMMA resist > lower PMMA resist > PMGI 
resist 

so that the mean distance between the Al gate 
electrode and GaAs substrate after liftoff may be 
increased, and the electrostatic capacity between 
the Al gate electrode and source electrode be- 
comes smaller, which is advantageous for enhanc- 
ing the device characteristics, in particular, the low 
noise performance. 

Fig. 5 (a) to (f) show a second embodiment of 
the invention for forming Al gate electrode by em- 
ploying the hybrid exposure method of electron 
beam and deep ultraviolet light. 

In Fig. 5 (a), a source, drain electrode 22 is 
formed on a GaAs substrate 21 on which is formed 
an epitaxial layer composed of GaAs or GaAs and 
AIGaAs functioning as an active layer on a semi- 
insulating GaAs, and a PMGI resist film 23 is 
applied thereon in a thickness of 0.1 to 0.2 urn, 
and is heated. Afterwards, a PMMA resist film 24 is 
applied on the surface of the PMGI resist film 23 in 
a thickness of 0.3 to 0.5 urn, and a two-layer resist 
film is formed. By an electron beam 25 at the 
acceleration voltage of 25 kV, a gate pattern of 0.2 
urn in width is exposed. The beam diameter is 
about 0.2 urn, and the exposure dose is 70 to 120 
nC/cm 2 . The gate pad of a large area is exposed 
by a deep ultraviolet light 26. For example, the 
deep ultraviolet light exposure is carried out for 5 
to 10 minutes by a contact exposure method using 
a 500 W Xe-Hg lamp and a 250 nm cold mirror. 
Since the transmittance of the PMMA resist film 24 


to the deep ultraviolet light 26 at the wavelength of 
250 nm is large, more than 80%. the upper PMMA 
resist layer 24 and lower PMGI resist layer 23 are 
exposed at the same time. 

5 In Fig. 5 (b), the upper PMMA resist film 24 is 

developed in MIBK, and PMMA resist patterns 24a, 
24b are obtained. The developing time is 240 to 
300 seconds, and the opening width L 3 of the 
PMMA resist pattern 24a at the gate pattern part is 

10 0.2 to 0.5 u m. 

As shown in Fig. 2, at the exposure dose used 
in ordering pattern forming, the lower PGMI resist 
film 23 is not dissolved in MIBK at all. It is same in 
the case of this deep ultraviolet light exposure. 

75 In Fig. 5 (c), lower PMGI resist film 23 is 

developed in an organic alkaline developing solu- 
tion SAL101 prepared by Shipley. The SAL101 is a 
mixed aqueous solution of organic alkali and sur- 
factants. In this embodiment, which refers to a case 

20 of forming a gate electrode of an ordinary shape by 
liftoff, the opening width U of the PMGI resist 
pattern 23a is larger than the opening width L 3 of 
the PMMA resist pattern 24a, and the PMGI resist 
pattern does not require high resolution. Accord- 

25 ingly, it is not necessary to use an alkaline solution 
mixing with organic solvent in the development of 
the PMGI resist film 23 as required in the first 
embodiment. 

That is, by varying the type of developing 

30 solution depending on the purpose of forming pat- 
tern, a desired pattern may be formed. 

Although the SAL101 is an aqueous solution, 
since it is blended with surfactants, its wettability to 
the PMMA resist film 24 is relatively favorable, so 

35 that it may smoothly invade into the inner parts of 
the PMMA resist pattern 24a. 

Fig. 6 shows an electron beam sensitivity at 
the acceleration voltage of 25 kV by developing the 
PMMA resist film in an initial film thickness of 0.85 

40 nm in MIBK for 180 seconds, and an electron 
beam sensitivity to SAL101 of PMGI resist film 
shown by way of comparison. As evident from Fig. 
6, the PMMA resist film and PMGI resist film 
possess a similar sensitivity to electron beam. 

45 Fig. 7 shows the sensitivity of PMGI resist film 

and PMMA resist film to deep ultraviolet light 33 of 
wavelength of 250 nm. For exposure, a 500 W Xe- 
Hg lamp and a 250 nm cold mirror were used. The 
axis of abscissas denotes the exposure time 

so (minutes). The initial film thickness was 0.85 urn in 
both PMMA resist film and PMGI resist film. The 
PMMA resist film was developed in MIBK, and the 
PMGI resist film in SAL101. The developing time 
was 180 seconds and the solution temperature was 

55 23* C in both cases. It is known from Fig. 7 that the 
PMMA resist film and PMGI resist film also pos- 
sess similar sensitivity to deep ultraviolet light. 
As clear from Fig. 6 and Rg. 7, since the 
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PMMA resist film 24 and PMGI resist film 23 are 
similar in both sensitivity to electron beam and 
sensitivity to deep ultraviolet light both of electron 
beam exposed portion and far ultraviolet ray ex- 
posed portion may be shaped into an overhang 
form composed of PMMA film and PMGI film, by 
optimizing the developing time of the lower PMGI 
resist film 23. » 

Furthermore, since the PMMA resist film 24 is 
not dissolved in the alkaline aqueous solution at 
any exposure quantity, the opening width of the 
upper PMMA resist patterns 24a, 24b and lower 
PMGI resist patterns 23a, 23b may be completely 
controlled independently. The opening width U of 
the PMGI resist pattern 23a is 0.4 to 0.7 urn when 
developed for 100 to 150 seconds. 

In the prior art shown in Fig. 10 (c), since the 
S1O2 spacer is etched isotropically, the dimensional 
controllability is poor, but by using the PMGI resist 
film 23, since the rate of dissolution of the exposed 
portion and unexposed portion changes steeply, 
only the exposed portion is developed, and the 
dimensional controllability is improved. 

Next, in Fig. 5 (d), the GaAs substrate 21 is 
etched in wet process in an aqueous solution of 
tartaric acid and hydrogen peroxide, and recess 
structures 27a, 27b are obtained. Since the PMGI 
resist film 23 has a high adhesion to the GaAs 
substrate 21, excessive side etching does not oc- 
cur. 

In Fig. 5 (e), an Al film 28 is evaporated on the 
surface of the GaAs substrate 21 having a structure 
as shown in Fig. 5 (d), and Al gate electrodes 29a, 
29b are formed. 

Finally, by acetone and J-100, the PMMA resist 
film 24 and PMGI resist film 23 are dissolved, and 
the undesired portion of the Al film 28 is removed 
by liftoff, so that the structure as shown in Fig. 5 (f) 
is obtained. 

Furthermore, a different embodiment is shown 
below in order to explain, in further detail, the 
formation of high performance pattern at high re r 
liability by using the developing solution of the 
invention for developing the PMGI resist film. 

In the following embodiment, as an alkaline 
aqueous solution, NMD-3 of Tokyo Oka Kogyo 
(2.38 .wt.% aqueous solution of tetramethyl ammo- 
nium hydroxide), or an organic alkaline developing 
solution SAL101 of Shipley was used. The SAL101 
is a mixed aqueous solution of organic alkali and 
surfactants. In Fig. 8 and Fig. 9, the initial film 
thickness of PMGI resist film is 0.85 urn, and the 
acceleration voltage of the electron beam used in 
exposure is 25 kV. The temperature of developing 
solution is 23.5* C. The rate of mixing is the ratio 
by volume unless otherwise specified. The organic 
solvent refers to acetone, ethanol or isopropyl al- 
cohol. The sensitivity curve was obtained by ex- 


posing a rectangular pattern of 50 urn x 100 urn by 
varyinc tSe exposure dose, and measuring the re- 
maining film thickness after development. 

Fig. 8 shows the electron beam sensitivity 
5 curve of the PMGI resist film to a mixed solution of 
organic solvent water and alkali. 

The solid line in Fig. 8 (a) denotes the electron 
beam sensitivity curve of PMGI resist film to a 
mixed solution of ethanol, water and NMD-3 at 
70 4:5:1. The dotted line and single-dot chain line are 
reference data of developing in alkaline aqueous 
solutions, respectively showing the electron beam 
sensitivity curves of PMGI resist film to an alkaline 
aqueous solution of NMD-3 diluted in water at 6:4, 
75 and SAL101 (100%). The developing time is 180 
seconds. 

It is therefore known, when an alkaline aqueous 
solution and an ethanol-mrxed alkaline solution giv- 
ing similar sensitivity to the PMGI resist film in a 

20 same developing time are compared, the gamma 
value is higher when developed in an ethanol- 
mixed alkaline solution, that is, a resist pattern of 
high resolution is formed. 

Fig. 8 (b) represents an electron beam sensitiv- 

25 ity curve of PMGI resist film to a mixed solution of 
isopropyl alcohol, water and NMD-3 at 4:5:1. The 
reference data indicated by dotted line shows the 
electron beam sensitivity curve of the PMGI resist 
film to an alkaline aqueous solution of NMD-3 dilut- 

30 ed in water at 8:2. The developing time is 180 
seconds. 

It is known from this result that the gamma 
value is higher and the reduction of film thickness 
by development is smaller in the mixed solution of 

35 isopropyl alcohol, water and NMD-3 at 4:5:1, than 
in the alkaline aqueous solution of NMD-3 diluted in 
water at 8:2. 

Fig. 8 (c) shows the electron beam sensitivity 
curve of the PMGI resist film to a mixed solution of 

40 acetone, water and NMD-3 at 4:5:1 . The dotted line 
for reference indicates the electron beam sensitiv- 
ity of PMGI resist film to NMD-3 (100%). The 
developing time is 30 seconds. 

Evidently, the resolution is higher, the sensitiv- 

45 ity is higher and film thickness reduction is smaller 
in the mixed solution of acetone, water and NMD-3 
at 4:5:1, than in the developing solution of NMD-3 
(100%). 

The following facts have been induced from the 
50 above results and findings of other experiments. 

(1 ) Although the sensitivity characteristic var- 
ies with the type of organic solvent and the mixing 
rate of components, the higher gamma value is 
obtained in the alkaline solution mixing an organic 
55 solvent, than the alkaline aqueous solution giving 
the same sensitivity in the same developing time, 
in a sensitivity region of 10 to 500 uC/cm 2 . 
That is, the remaining film thickness change to the 
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change of exposure dose is greater, and the reso- 
lution of the resist film may be set higher. 

(2) When the mixing rate of the NMD-3 is 
constant, as the mixing rate of the organic solvent 
is higher, the sensitivity is higher, but the gamma 
value drops. 

(3) At a constant ratio by volume of the total 
volume of water and NMD-3 to the organic solvent, 
as the mixing rate of NMB-3 is smaller, the sen- 
sitivity is lowered and the gamma value increases. 

(4) Containing a same organic solvent, when 
alkaline solutions differing in the mixing rate of 
organic solvent, water and NMD-3, and giving 
same sensitivity to PMGI resist in same developing 
time are compared, the gamma value is higher as 
the ratio of organic solvent by volume is higher. 

(5) Among the organic solvents, ethanol has 
the greatest effect of enhancing the resolution. 

Fig. 9 shows the dependence of the normalized 
remaining film thickness at the center of the line on 
the spatial frequency (the inverse number of the 
sum of the fine width and space width), by forming 
a line-and-space pattern at the 1 :1 ratio of the line 
(the unexposed portion leaving the resist film) width 
and the space (the portion for selectively removing 
the resist film by exposure and development) 
width, by using developing solutions of a mixed 
solution of ethanol, water and NMD-3 at 4:5:1 in 
Fig. 8 (a), an alkaline aqueous solution of NMD-3 
diluted in water at 6:4, and SAL101 (100%). 

The axis of ordinates denotes the remaining 
film rate, and the axis of abscissas represents the 
spatial frequency, in the unit of urn" 1 . The expo- 
sure dose is 150 uC/cm 2 and beam diameter is 0.1 
urn in all cases. The developing time is 150 to 210 
seconds, and the electron beam sensitivity at ac- 
celeration voltage of 25 kV may be set to be 100 
uC/cm 2 in each developing solution. 

The solid line is the result of developing in a 
mixed solution of ethanol, wator and NMD-3 at 
4:5:1, and the dotted line and the single-dot chain 
line respectively express the results of developing 
in an alkaline aqueous solution of NMD-3 diluted in 
water at 6:4 and SAL101 (100%). 

In an alkaline solution mixing ethanol, the nor- 
malized remaining film thickness in the line portion 
is maintained up to the spatial frequency of 1 .25 
urn-' (line-and-space of 0.4 urn), while in an al- 
kaline aqueous solution, the normalized remaining 
film thickness is dropped suddenly at the spatial 
frequency of 1.0 um"' or more (line-and-space of 
0.5 urn or less). Thus, by developing the PMGI 
resist film in an alkaline solution containing an 
organic solvent, a higher resolution than in the 
conventional development by alkaline aqueous so- 
lution may be obtained. 

That is, in the conventional alkaline solution, it 
is hard to resolve a line-and-space pattern of 0.5 


urn or less, while in the alkaline solution containing 
ethanol, a line-and-space pattern of 0.4 urn may be 
sufficiently resolved. 

Thus, according to the invention, a finer pattern 

5 than before may be formed by using PMGI resist 
film. At the same time, a liftoff process excellent in 
dimensional controllability and high in reliability 
than in the prior art will be realized. Besides, in the 
wet etching process of using the two-layer resist 

w pattern of the invention as the mask on the GaAs 
substrate, since the adhesion of the lower layer 
resist to the substrate is superior, the recess width 
when etching the substrate can be stably con- 
trolled, so that a device of high performance may 

75 be obtained. Furthermore, in the process of using 
the PMGI resist film in the lower layer and the 
PMMA resist film in the upper layer, since the 
PMMA resist film and PMGI resist film possess 
mutually appropriate electron beam sensitivity and 

20 deep ultraviolet light sensitivity, mixed exposure by 
electron beam and deep ultraviolet light may be 
applied, so that a stable hybrid exposure may be 
effected at a high through-put 

25 

Claims 

1. A developing solution of polydimethyl 
glutarimide containing acetone, ethyl alcohol, or 

30 isopropyl alcohol, and water and alkali. 

2. A pattern forming method comprising; 

a step of applying and baking polydimetyl 

glutarimide film on a substrate, 

a step of applying and baking a polymer film 

35 having a sensitivity to charged particle beam or 
short wavelength electro magnetic wave on said 
polydimethyl glutarimide film, 
a step of simultaneously exposing said polymer 
film and said polydimethyl glutarimide film by said 

40 charged particle beam or the short wavelength 
electro magnetic wave in a specified area of two- 
layer film composed of said polydimethyl 
glutarimide film and said polymer film, 
a step of developing said specified area of said 

45 polymer film by using an organic solvent, and 

a step of developing the specified area of said 
polydimethyl glutarimide film by using a solution 
containing an alkali. 

3. A pattern forming method of claim 2, 
so wherein the baking temperature of said polymer 

film is lower than the baking temperature of said 
polydimethyl glutarimide film. 

4. A pattern forming method of claim 3, 
wherein an unexposed portion of said polydimethyl 

55 glutarimide film is not dissolved in an organic sol- 
vent which is the developing solution of said poly- 
mer film. 

5. A pattern forming method of claim 3, 
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wherein an unexposed portion of said polymer film 
is not dissolved in a solution containing an alkali as 
the developing solution of said polydimethyl 
glutarimide film. 

6. A pattern forming method of claim 3, 5 
wherein the sensitivity of said polymer film is near- 
ly equal to the sensitivity of said polydimethyl 
glutarimide film. % 

7. A pattern forming method comprising; 

a step of applying and baking a polydimethyl w 
glutarimide film on a substrate, 
a step of applying and baking a polymer film 
having a sensitivity to charged particle beam or 
short wavelength electro magnetic wave on said 
polydimethyl glutarimide film, 75 
a step of exposing simultaneously said polymer 
film and said polydimethyl glutarimide film by said 
charged particle beam or short wavelength electro 
magnetic wave in a specified area of two-layer film 
composed of said polydimethyl glutarimide film 20 
and said polymer film, 

a step developing said specified area of said poly- 
mer film by using an organic solvent, 
a step of developing said specified area of the 
polydimethyl glutarimide film by using a solution 25 
containing an alkali, 
a step of etching said substrate, 
a step of depositing a metal film on the entire 
surface of said substrate, and 

a step of removing said polymer film and said 30 
polydimethyl glutarimide film, 
wherein the remaining film portion of said polymer 
film after development is in an overhang shape, 
and the opening width of said polydimethyl 
glutarimide film is narrower than the opening width 35 
of the upper part of said polymer film after devel- 
opment. 

8. A pattern forming method of claim 7, 
wherein the region where the width of said speci- 
fied area of said polydimethyl glutarimide film is 5 40 
urn or more is irradiated with said charged particle 
beam or said short wavelength electro magnetic 
wave, while the region where the width of said 
specified area is less than 5 urn is exposed in a 
dose larger than the exposure dose of exposing 45 
said region with the width of said specified portion 

of 5 am or more, 'so that said polymer film and 
said polydimethyl glutarimide film are exposed at 
the same time. 

9. A pattern forming method of claim 7, so 
wherein the region where the width of said speci- 
fied area of said polydimethyl glutarimide film is 5 

urn or more is irradiated with said charged particle 
beam or said short wavelength electro magnetic 
wave, and then the periphery of said specified area 55 
is exposed in a dose larger than the exposure dose 
of exposing the region with the width of said speci- 
fied portion of 5 urn or more, so that said polymer 


film and said polydimethyl glutarimide film are mar- 
gined and exposed at the same time. 

10. A pattern forming method comprising; 
a step of applying and baking a polydimethyl 
glutarimide film on a substrate, 
a step of applying and baking a polymer film 
having a sensitivity to charged particle beam or 
short wavelength electro magnetic wave on said 
polydimethyl glutarimide film, 
a step of simultaneously exposing said polymer 
film and said polydimethyl glutarimide film by said 
charged particle beam or said short wavelength 
electro magnetic wave in a specified area of said 
polydimethyl glutarimide film and said polymer 
film, 

a step of developing said specified area of said 
polymer film by using an organic solvent, 
a step of developing said specified area of said 
polydimethyl glutarimide film by using a solution 
containing an alkali, 
a step of etching said substrate, 
a step of depositing a metal film on the entire 
surface of said substrate, and 
a step of removing said polymer film and said 
polydimethyl glutarimide film, 
wherein a remaining film portion of said polymer 
film after development is trapezoidal, and the pat- 
tern width of said remaining film portion of said 
polydimethyl glutarimide film after development is 
narrower than the pattern width of the bottom of the 
trapezoidal shape of said polymer film after devel- 
opment. 
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